To examine temporal dynamics of corneal infection (keratitis)-associated Pseudomonas aeruginosa, we compared the genetic characteristics of isolates collected during two different time periods (2003-2004 and 2009-2010) using an ArrayTube genotyping system. The distribution of keratitis-associated isolates from the two studies (n = 123) among a database of P. aeruginosa strains of non-ocular origin (n = 322) indicated that 71% of UK keratitis-associated P. aeruginosa isolates clustered together, and there was no evidence for major variations in the distribution of clone types between the two collections. Our analysis indicates the presence of a 'core keratitis cluster', associated with corneal infections, that is related to the P. aeruginosa eccB clonal complex, which is associated with adaptation to survival in environmental water. This suggests that adaptation to environmental water is a key factor in the ability of P. aeruginosa to cause eye infections.
Introduction
Bacterial infection of the cornea (keratitis) is a serious ocular disease associated with significant visual loss and visually disabling scarring in 22-40% of cases, despite treatment with antimicrobials (Cheng et al., 1999; Schaefer et al., 2001; Bourcier et al., 2003) . Visual loss is strongly associated with keratitis caused by Gram-negative bacteria rather than by Gram-positive bacteria (Keay et al., 2006) . The incidence of bacterial keratitis is sixfold higher in contact lens wearers compared to the general population (Lam et al., 2002; Bourcier et al., 2003) , and in contact lens wearers, Pseudomonas aeruginosa is the most common species isolated (Dutta et al., 2012; Stapleton & Carnt, 2012) .
In a UK study, 23% of 772 isolates collected from patients with bacterial keratitis were P. aeruginosa (Sueke et al., 2010) , a pathogen associated with larger ulcers and worse outcomes compared to other bacteria causing keratitis . A number of P. aeruginosa virulence factors have been implicated in keratitis, including elastase B, twitching motility associated with type IV pili, flagella, type III-secretion system (TTSS) and proteases, including protease IV (O'Callaghan et al., 1996; Fleiszig et al., 1997; Winstanley et al., 2005; Zhu et al., 2006; Choy et al., 2008) . P. aeruginosa strains can be subdivided into either cytotoxic (associated with ExoU) or invasive (associated with ExoS), with cytotoxic strains being significantly diminished in their invasive capability in vitro (Fleiszig et al., 1996; Feltman et al., 2001) . Various studies have addressed the role of TTSS exoproducts in association with ocular infections (Fleiszig et al., 1996 (Fleiszig et al., , 1997 Lomholt et al., 2001; Lee et al., 2003; Tam et al., 2007) . These studies revealed that exoU-positive strains are associated with greater morbidity in P. aeruginosa infection (Finck-Barbancon et al., 1997) . Moreover, isolates from keratitis are disproportionately carriers of exoU (rather than exoS) in comparison with the wider P. aeruginosa population (Winstanley et al., 2005) .
Since 2003, the University of Liverpool has served as a repository for bacterial isolates from patients with keratitis from six UK centres: London, Birmingham, Bristol, Newcastle, Manchester and Liverpool. These centres comprise the Microbiology Ophthalmic Group (MOG). In previous studies, we analysed 63 P. aeruginosa isolates collected between 2003 and 2004 from patients with keratitis (Winstanley et al., 2005; Stewart et al., 2011) . These isolates were genotyped using the portable ArrayTube (AT) genotyping system (Wiehlmann et al., 2007a, b ) and compared to a larger published database of P. aeruginosa isolates from nonocular sources (Stewart et al., 2011) . Various markers in the set of P. aeruginosa isolates associated with keratitis were discordant with the wider P. aeruginosa population. These included previously reported associations, such as carriage of exoU. It was also demonstrated that 17 of 63 (27%) keratitis isolates from 2003 to 2004 carried a distinctive allele of pilA, the gene that encodes the pilin of type IV pili. Thus, the keratitis isolates were associated with specific characteristics, suggesting that a subpopulation of P. aeruginosa may be adapted to causing corneal infections (Stewart et al., 2011) . However, we could not be sure whether these genetic features of keratitis-associated isolates would be consistent temporally or represented a feature of the particular time period chosen for sampling. To address this question, in this study, we report the analysis of a set of keratitis-associated P. aeruginosa isolates, collected by the MOG from patients in the UK, during a different time period, 5 years later.
Materials and methods

Bacterial strains and DNA isolation
Sixty isolates (listed in Table 1 ) from corneal scrape samples were collected from patients with bacterial keratitis (2009) (2010) from the six hospitals comprising the MOG. DNA was purified using the Wizard Genomic DNA purification kit (Promega, UK), as per the manufacturer's instructions. A further 18 isolates of P. aeruginosa from bloodstream infections (collected and stored in Liverpool 2010-2011) were also used. All isolates tested positive for the oprL gene using a P. aeruginosa-specific PCR assay (De Vos et al., 1997) .
Genotyping P. aeruginosa isolates Genotyping of P. aeruginosa was conducted using the AT genotyping system (Wiehlmann et al., 2007a, b; Alere Technologies, Jena, Germany) , as per the manufacturer's instructions. Analysis of 13 single nucleotide polymorphisms (SNPs) based on the conserved genome, and three variable markers (flagellin types a or b and the mutually exclusive type III secretion exotoxin genes exoU or exoS), was used to generate a four character hexadecimal code as (Wiehlmann et al., 2007a, b; Stewart et al., 2011) . This hexadecimal code was used to assign specific clone types.
Population mapping of P. aeruginosa isolates
The genotypic relationships between keratitis isolates of P. aeruginosa and nonocular isolates were assessed by analysing each strain for 14 binary markers as described previously (Stewart et al., 2011) . Presence or absence of exoS or exoU was not included in this analysis. The wider population was represented by a database of 322 nonkeratitis P. aeruginosa isolates, representing 128 clones, taken from various sources (Wiehlmann et al., 2007a, b; Mainz et al., 2009; Rakhimova et al., 2009 ). The analysis was undertaken using the eBURST(v3) algorithm Spratt et al., 2004) .
Distribution of genomic regions of difference (ROD) previously associated with keratitis strains of P. aeruginosa (Table 2) . PCRs for each of these ROD were multiplexed with an assay for oprL gene as an internal control. P. aeruginosa isolate 039016 (Stewart et al., 2011) was used as a positive control. All reactions were conducted with initial denaturation at 94°C (5 min), followed by 25 cycles of denaturation (92°C, 3 min), annealing (58°C, 1 min) and elongation (72°C, 2 min), with final elongation at 72°C (10 min).
Statistical analyses
Independent data comparing genetic features of keraitits isolates in a temporal manner or comparing features of keratitis isolates with nonkeratitis isolates were assessed by chi square double classification with one degree of freedom.
Results
Comparison of the distribution of clone types amongst the 2003-2004 and 2009-2010 collections
AT genotyping of the 60 keratitis-associated P. aeruginosa isolates from 2009 to 2010 yielded hexadecimal codes that were searchable on the published database (Table 1) . About 36 (60%) of the isolates analysed in this study were assigned to an existing clone type. This compares with 33 of 63 (52%) isolates from the 2003 to 2004 collection (Stewart et al., 2011) . Clone types that did not yield a match in the published database were assigned as 'novel' clone types (Table 1 ; Fig. 1 ). Nearly 23 novel clone types (representing 25 of 60 isolates) were identified in this study compared to 19 novel clone types Among keratitis isolates, one novel clone type (C429) was identified at both time points.
Keratitis isolates within the wider P. aeruginosa population structure
Two major clusters of P. aeruginosa were identified: cluster 1 and cluster 2 (Fig. 2) Hybridisation patterns from all keratitis isolates are given in Table S1 . All 60 of the 2009-2010 keratitis isolates carried the PAGI-1 genomic island, a common genomic island found in 85% of clinical isolates (Liang et al., 2001) . On the AT chip, PAGI-2-and PAGI-3-like genomic islands were represented by 10 hybridisation signals (Wiehlmann et al., 2007a, b) . Overall, 65 of 123 (53%) Cluster 1 Cluster 2 Fig. 2 . Keratitis isolates within the wider Pseudomonas aeruginosa population structure. The diagram shows an eBurst representation of 123 keratitis-associated P. aeruginosa isolates (red spots) among a total of 445 strains. The number of isolates for each clone type that was recovered is indicated in brackets. Where no number is given, only one isolate of that type was identified. Nearly 71% of keratitis isolates fall within cluster 1. keratitis isolates lacked PAGI-2/3-like genomic islands compared with 159 of 322 (49%) nonkeratitis P. aeruginosa (Wiehlmann et al., 2007a, b; Mainz et al., 2009; Rakhimova et al., 2009) .
PAPI-1, PAPI-2 and pKLC102 represent a family of genomic islands that carry virulence genes absent in the commonly used laboratory strain P. aeruginosa PAO1 (He et al., 2004; Klockgether et al., 2007) . AT markers pKL-1 and pKL-3 represent conserved domains of this family of genomic islands (Wiehlmann et al., 2007a, b) . Sixty-seven of 123 (55%) keratitis isolates did not show hybridisation for either marker pKL-1 or pKL3 compared to 122 of 322 (38%) nonkeratitis isolates (P = 0.05). P. aeruginosaa-type flagellins vary because of the presence of a glycosylation island (Brimer & Montie, 1998; Arora et al., 2001 ) that can be present as either a longer insert encompassing 14 ORFs, or as a shorter version with a 5.4-kb deletion (Arora et al., 2004) . Twenty of 123 (16%) (50%) carried the truncated version. This compares with 28% and 35% of nonkeratitis isolates carrying the full length and truncated glycosylation island, respectively (Stewart et al., 2011) . Carriage of the variable gene PA2185 encoding the nonhaem catalase KatN was higher (25 of 60; 42%) in the second isolate collection compared with the first isolate collection (18 of 63; 29%), but this increase was not significant (v 2 = 2.318). Carriage of PA2185 is significantly lower (P = 0.001) among keratitis isolates (43 of 123; 35%) than amongst the nonkeratitis collection (188 of 322; 58%).
Carriage of the exoU island A (Kulasekara et al., 2006 ) is associated with the non-PAO-1 type oriC1 allele in keratitis isolates (Stewart et al., 2011) . exoU-positive strains continued to show significant (P = 0.001) association with the presence of oriC1 in the 2009-2010 isolate cohort, whereas exoS-positive strains do not show association with either oriC allele. When we included all 120 keratitis isolates (three isolates were negative for exoS and exoU) from both studies, the association between exoU and oriC1 allele continued to be significant (P = 0.001).
Distribution of ROD previously associated with keratitis strains of P. aeruginosa
In the previous study of the [2003] [2004] isolates (Stewart et al., 2011) , isolate 039016 was selected for genome sequencing as it was a representative of the most common serotype found (O11), the most common clone type (D), and associated with poor clinical outcome (Stewart et al., 2011) . By comparing the genome of isolate 039016 with strain PAO1, PCR assays were developed to analyse the distribution of 10 ROD among the 63 keratitis isolates. In this study, among the 60 keratitis isolates from 2009 to 2010, the prevalence of four of the ROD and the novel pilA showed significant reduction (Table 3 ) compared to the 2003-2004 collection (P = 0.05). The only exception was ROD16 (26.7%). To establish whether ROD16 might be a specific feature of keratitis-associated P. aeruginosa,18 contemporary blood culture isolates of P. aeruginosa were analysed. The prevalence for ROD16 amongst the blood culture isolates was 22.2%, suggesting that carriage of this region was not something particular to isolates associated with keratitis.
Discussion
Various approaches have been used to define the population structure of P. aeruginosa and to identify an association between strain types and environmental origin or particular types of infection. Using a combined analysis of amplified fragment length polymorphism (AFLP), serotype, pyoverdine type and antibiograms, Pirnay et al. (2005) concluded that population diversity in river water reflected the wider population diversity of P. aeruginosa and that environmental and clinical isolates are indistinguishable (Pirnay et al., 2005) . A combination of phenotypic and genotypic characteristics used in a larger survey reached similar conclusions (Pirnay et al., 2009 ). In contrast, a study using multilocus sequence typing (MLST) indicated that oceanic isolates were divergent from the general P. aeruginosa population (Khan et al., 2008) .
AT genotyping has been applied to collections of isolates of clinical relevance, particularly in chronic infections associated with cystic fibrosis (CF; Mainz et al., 2009; Fothergill et al., 2010) and chronic obstructive pulmonary disorder (COPD; Rakhimova et al., 2009) . Although dominant clones are a feature in these popula- tions, evidence for an association between a subgroup of P. aeruginosa clones and a specific type of infection has only been reported in our previous study AT genotyping of keratitis isolates (Stewart et al., 2011) . To determine whether this association of a clonal subgroup with disease was a unique occurrence among UK keratitis isolates collected between 2003 and 2004 rather than an inherent feature of isolates associated with this disease, we replicated the study on a further set of 60 isolates obtained 5 years later from the same contributing hospitals. Our results show that there was a similar cluster to that observed previously, revealing that a subgroup of keratitis-associated P. aeruginosa strains was a feature of both collections when analysed separately or when combined (n = 123). There were some minor variations between the two time points. Differences were observed in the dominant clone types (type A in 2009-2010 vs. type D in 2003-2004) . There was also a reduction in the proportion of keratitis isolates falling within the core keratits cluster (cluster 1) between the time points (40% in 2009-2010 vs. 48% in 2003-2004) . However, overall 71% of keratitis isolates belonged to a core keratitis cluster (cluster 1; Fig. 2 ). Although the carriage of the exoU/S was not included in the eBURST analysis, all of the exoUpositive keratitis isolates (66 of 123) belonged to cluster 1. This cluster also includes 19 isolates carrying the exoS gene. However, 35 of the 36 keratitis isolates not within cluster 1 carry the exoS gene.
In our previous study, we identified RODs between keratitis isolate 039016 (AT clone type D; serotype O11; poor clinical outcome) and strain PAO1 (Stewart et al., 2011) . The carriage of these regions as indicated by PCR assay was lower in the more recent collection of isolates. It is likely that this is because of a lower number of Clone D isolates in the more recent collection and that these RODs were largely associated with Clone D specifically, rather than a general features of the cluster. The exception was ROD16. However, the similar prevalence of this ROD amongst blood culture isolates of P. aeruginosasuggests that ROD16 is not a particular feature of keratitisassociated isolates.
Previously identified characteristics associated with the core keratitis cluster (Stewart et al., 2011) were confirmed in the current study. The keratitis-specific subpopulation strains carry the oriC1 allele, exoU, and a truncated version of the flagellin glycosylation island, but are less likely to carry the gene encoding the nonhaem catalase KatN. As previously noted, carriage of the exoU gene was significantly associated with the oriC1 allele (Stewart et al., 2011) .
The AT genotyping scheme has also been used to analyse strains from diverse backgrounds, indicating the presence of dominant clones that are widely distributed (Wiehlmann et al., 2007a, b) . A recent study using AT typing reported the presence of several extended clonal complexes (ecc) that were nonuniformly distributed in freshwater sources of varying water quality, suggesting that the population dynamics of P. aeruginosa may be shaped by environmental rather than clinical factors (Selezska et al., 2012) . Isolates of the cladogenically divergent eccB were the most frequently sampled from various environmental water sources, prompting the suggestion that this clonal complex represents a 'water ecotype' better adapted to environmental water than other P. aeruginosa (Selezska et al., 2012) . Interestingly, an exoU + /exoS À genotype is a feature within this eccB group. In our study, we found that the core keratitis cluster includes clone types (such as A, B, D and I) that are eccB clone types (Selezska et al., 2012) . The eccB group also includes serotypes O11, O10 and O8 (Selezska et al., 2012) which feature prominently amongst the core keratitis cluster (Stewart et al., 2011) . For 78 isolates, we had clinical data regarding the use of contact lenses. Although the differences were not statistically significant, a greater proportion of core keratitis cluster isolates were associated with contact lens use (72%, 56 of 78) than for isolates not within the core cluster (28%, 22 of 78). A larger sample size would be needed to test whether this association is significant.
Our observations suggest that there is a sub-set of P. aeruginosa isolates that are associated with bacterial keratitis in the UK, remain relatively stable over time, and are related to the eccB clonal complex associated with adaptation to survival in environmental water (Selezska et al., 2012) . This is consistent with the notion that aquatic environments are integral to the transmission dynamics of P. aeruginosa in the context of bacterial keratitis. However, the link between specific genotypes and clinical outcome or risk factors is not clear. Further analysis of clinical data and studies involving additional sets of patients for verification of this hypothesis will provide a clearer picture helping to link genetic features with evidence-led clinical management of P. aeruginosa keratitis.
